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The instrumental record of Bhutan is characterized by a lower seismicity compared to other parts of 
the Himalayan arc. To understand this low activity and its impact on the seismic hazard, a seismic 
network was installed in Bhutan for 22 months between 2013 and 2014. Recorded seismicity, earthquake 
moment tensors and local earthquake tomography reveal along-strike variations in structure and crustal 
deformation regime. A thickened crust imaged in western Bhutan suggests lateral differences in stresses 
on the Main Himalayan Thrust (MHT), potentially affecting the interseismic coupling and deformation 
regime. Sikkim, western Bhutan and its foreland are characterized by strike-slip faulting in the Indian 
basement. Strain is particularly localized along a NW–SE striking mid-crustal fault zone reaching from 
Chungthang in northeast Sikkim to Dhubri at the northwestern edge of the Shillong Plateau in the 
foreland. The dextral Dhubri–Chungthang fault zone (DCF) causes segmentation of the Indian basement 
and the MHT between eastern Nepal and western Bhutan and connects the deformation front of the 
Himalaya with the Shillong Plateau by forming the western boundary of the Shillong block. The Kopili 
fault, the proposed eastern boundary of this block, appears to be a diffuse zone of mid-crustal seismicity 
in the foreland. In eastern Bhutan we image a seismogenic, ﬂat portion of the MHT, which might be either 
related to a partially creeping segment or to increased background seismicity originating from the 2009 
MW6.1 earthquake. In western-central Bhutan clusters of micro-earthquakes at the front of the High-
Himalayas indicate the presence of a mid-crustal ramp and stress buildup on a fully coupled MHT. The 
area bounded by the DCF in the west and the seismogenic MHT in the east has the potential for M7–8 
earthquakes in Bhutan. Similarly, the DCF has the potential to host M7 earthquakes as documented by 
the 2011 Sikkim and the 1930 Dhubri earthquakes, which were potentially associated with this structure.
© 2017 Elsevier B.V. All rights reserved.1. Introduction
The ongoing convergence between India and Asia has produced 
several megathrust earthquakes (M ≥ 7.5) in the Himalayas and at 
the Shillong Plateau in the eastern foreland (Fig. 1A). The analy-
sis of historical megathrust earthquakes and geodetic rates along 
the Himalayan arc suggest that similarly devastating earthquakes 
are overdue in several parts of the Himalaya (Bilham and England, 
2001; Avouac et al., 2015; Stevens and Avouac, 2016). The Bhutan 
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0012-821X/© 2017 Elsevier B.V. All rights reserved.Himalaya has been previously identiﬁed as an apparent gap in re-
cent instrumental seismicity (Gahalaut et al., 2011). The relatively 
low activity in instrumentally recorded seismicity in Bhutan is ap-
parent in global earthquake bulletins such as the USGS/NEIC cata-
log shown in Fig. 1. Bilham and England (2001) suggested that this 
seismic gap could be the result of strain partitioning, in which up 
to one third of the total shortening of 18 mm/yr in the Eastern Hi-
malayas can be accommodated by the basement-cored uplift of the 
Shillong Plateau in the foreland (Fig. 1B). The proposed reduction 
in shortening rate across the Bhutan Himalayas, however, is in-
consistent with recent geodetic studies (e.g., Banerjee et al., 2008). 
The contraction rate of 14–17 mm/yr across Bhutan seems only 
slightly smaller than in Nepal (Vernant et al., 2014; Marechal et al., 
2016) and the net convergence between India and Tibet (includ-
ing shortening accommodated by the Shillong Plateau) is therefore 
T. Diehl et al. / Earth and Planetary Science Letters 471 (2017) 54–64 55Fig. 1. A: Digital elevation model of the Eastern Himalaya and foreland with seismicity from the ISC-GEM Catalog (1900–1973) (Storchak et al., 2013) and the NEIC/USGS 
bulletin (1973–2015). Global Centroid Moment Tensor (gCMT) of the 2015 MW7.8 Gorkha earthquake from http://www.globalcmt.org. Yellow areas correspond to approximate 
slip-patches of past large earthquakes (Hetényi et al., 2016a). Study area outlined by box. B: Study region with seismicity (as in A) and gCMT solutions with MW ≥ 6.0. 
Triangles in A and B indicate temporary GANSSER seismic network (red: operating 2013/01 to 2014/04; orange: operating 2013/01 to 2014/11) and regional stations. MFT: 
Main Frontal Thrust; MBT: Main Boundary Thrust; MCT: Main Central Thrust; KT: Kakhtang Thrust (Long et al., 2011); OF: proposed Oldham Fault (England and Bilham, 
2015); other faults from Biswas et al. (2007), Dasgupta et al. (1987), and Kayal et al. (2012). (For interpretation of the references to color in this ﬁgure legend, the reader is 
referred to the web version of this article.)larger across Bhutan than across Nepal, consistent with the gen-
eral increase in convergence towards the eastern syntaxis (Burgess 
et al., 2012).
Recent paleoseismic studies along the Main Frontal Thrust 
(MFT) in Bhutan suggest the occurrence of one or more large 
earthquakes in the last millennium (Berthet et al., 2014; Le Roux-
Mallouf et al., 2016). Re-interpretation of historical damage reports 
provides additional evidences for an M8 earthquake in Bhutan in 
1714 AD (Fig. 1A), suggesting that there are no gaps in large earth-
quakes along the entire Himalayan arc (Hetényi et al., 2016a). As-
suming that no great earthquake occurred since 1714, the present-
day convergence rates suggest a slip potential of about 5 m in 
Bhutan (Vernant et al., 2014). The Main Himalayan Thrust (MHT) 
represents the basal décollement between the orogenic wedge and 
the underthrusting Indian basement and is the source of megath-
rust earthquakes in the Himalayas (e.g., Seeber et al., 1981). Its geometry is crucial for estimates of stress-accumulation and as-
sessing potential rupture sizes. The MHT is not a continuous ﬂat 
thrust but is characterized by a frontal ramp, the MFT, a ﬂat seg-
ment, and a mid-crustal ramp. The former is evident from surface 
geology. The latter two segments have been previously imaged by 
the INDEPTH data (Hauck et al., 1998) and its geometry has been 
modeled by various datasets. Based on the joint inversion of de-
nudation rates, GPS data, and Holocene uplift, Le Roux-Mallouf 
et al. (2015) ﬁnd evidence for a wide MHT in western Bhutan. 
Their model predicts a steep mid-crustal ramp along the MHT at 
about 130 km north of the MFT, indicating a wider décollement 
compared to central Nepal and Sikkim. Models based on ther-
mochronologic data, however, estimate a steepening of the MHT 
in western Bhutan further to the south, around 90 km north of 
the MFT (Coutand et al., 2014). This geometry is consistent with 
receiver function images (Singer et al., 2017a) and closer to struc-
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ous and campaign GPS data, Marechal et al. (2016) proposed a fully 
coupled, 135–155 km wide MHT in western and central Bhutan. 
For eastern Bhutan, their model suggests a 100–120 km wide fully 
coupled MHT, with evidence for partially creeping segments at the 
frontal ramp close to the MFT and down-dip towards the north at 
the mid-crustal ramp.
Due to the absence of local seismic monitoring networks, infor-
mation on the crustal structure, currently active faults, and fault 
geometries in Bhutan is sparse. Previous seismotectonic studies in 
the Bhutan Himalaya were therefore limited in resolution. From 
the analysis of regional earthquake data, Drukpa et al. (2006) found 
evidence for dominant strike-slip deformation throughout the crust 
in Bhutan. A 14-mo deployment of ﬁve seismic stations in Bhutan 
between January 2002 and March 2003 revealed a NW–SE striking 
cluster of micro-seismicity in the southwestern part of the coun-
try (Velasco et al., 2007). De and Kayal (2003) observed a similar 
cluster of earthquakes with networks deployed in the Sikkim–
Darjeeling Himalaya between 1993 and 1999. They suggested that 
earthquakes in southwestern Bhutan are part of a 200-km-long 
NW–SE trending transverse structure, which cuts across the ma-
jor Himalayan thrust faults and extends to the Goalpara wedge 
in the foreland. On a regional scale, De and Kayal (2003) propose 
the Goalpara lineament as possible link between seismicity in the 
Sikkim Himalaya and the Shillong Plateau. The NW–SE trending 
seismogenic structure imaged by local networks, however, is not 
resolved by global earthquake bulletins such as the NEIC/USGS cat-
alog (Fig. 1). Kayal et al. (2012) propose a corresponding continua-
tion of the dextral Kopili fault (Fig. 1B) from the foreland towards 
the Main Central Thrust (MCT) in eastern Bhutan. Dasgupta et al.
(1987) proposed similar transverse lineaments (e.g. the Yamuna 
lineament as the northward continuation of the Dhubri fault, see 
Fig. 1) extending from the foreland to the Himalaya and of which 
several are optimally oriented to be activated in the regional stress 
ﬁeld.
The continuation of foreland faults beneath the Eastern Hi-
malaya and the subdivision of the incoming Indian Plate east of 
87◦E into several blocks is also proposed by the GPS model of 
Vernant et al. (2014). They deﬁned the Kopili fault (Fig. 1B) as the 
eastern boundary of a Shillong block (SLB), which underthrusts the 
Himalaya of Bhutan. Their model predicts clockwise rotation of the 
SLB, resulting in 2–3 mm/yr dextral slip along the Kopili fault, sim-
ilar to other studies (e.g., Barman et al., 2014). Dextral slip along 
the proposed NW–SE oriented western boundary of the SLB block 
is 0.8 mm/yr.
The passive seismic experiment Geodynamics ANd Seismic 
Structure of the Eastern Himalaya Region (GANSSER) was designed 
to image lithospheric structures and active faults at high reso-
lution, necessary to further constrain the current understanding 
of neotectonic processes and their impact on the seismic haz-
ard in Bhutan and its foreland. In this study, we present the ﬁrst 
high-resolution earthquake catalog and 3-D crustal P-wave veloc-
ity model of Bhutan derived from the GANSSER experiment. With 
additional information from moment tensor inversion, combined 
with recent ﬁndings from receiver functions, geology, and geodesy, 
we provide new insights into the present-day seismotectonics of 
the Bhutan Himalaya and its foreland.
2. GANSSER earthquake catalog
2.1. Data and methods
To image seismically active faults and their kinematics in 
Bhutan and surrounding regions, we perform state-of-the-art 
earthquake location and moment tensor inversion. We use con-
tinuous waveform data recorded by the GANSSER network (Swiss Seismological Service at ETH Zurich, 2013) between January 2013 
and November 2014 (Fig. 1B). The network consisted of 38 three-
component broadband seismometers (24 Streckeisen STS2 and 14 
Nanometrics Trillium Compact) alongside Nanometrics Taurus dig-
itizers recording at a sampling frequency of 100 Hz. To improve 
detection and hypocenter locations outside the GANSSER network, 
the dataset was complemented with continuous data from sta-
tion IC.LSA in Tibet and IN.SHL in northern India (Fig. 1), obtained 
from the Incorporated Research Institutions for Seismology (IRIS). 
The Indian Institute of Science Education and Research Kolkata 
(IISER Kolkata) provided phase data for 22 selected events of 
stations in Sikkim and West Bengal (Fig. 1; Paul et al., 2015;
Thirunavukarasu et al., 2017) to close the azimuthal gap angle 
for those earthquakes in Sikkim, western Bhutan, and the fore-
land.
Event-triggers are derived from short-term average (STA) to 
long-term average (LTA) ratios of all continuous data streams 
and the entire automatic event detection process is handled 
within the SeisComP3 monitoring software (Hanka et al., 2010; 
http://www.seiscomp3.org) optimized for local to regional seis-
micity. A local magnitude (ML) is determined for all automatic 
and subsequent manual locations. The ML magnitude is derived 
from amplitudes measured on the vertical component of the seis-
mogram in combination with the attenuation function of Richter
(1935). All automatic earthquake detections were manually re-
viewed and consistently re-picked using the quality-weighting 
scheme for P and S phases shown in Table S1. Final hypocenters 
were derived with the probabilistic earthquake location algorithm 
Nonlinloc (Lomax et al., 2000) in combination with 1-D P- and 
S-wave velocity models computed for Bhutan, including station 
corrections (Singer et al., 2017a). To further improve the preci-
sion of hypocenters in eastern Bhutan, we applied the double-
difference algorithm hypoDD (Waldhauser and Ellsworth, 2000), 
in combination with waveform cross-correlation, to a subset of 
events.
The ﬁnal catalog consists of 870 events in Bhutan and sur-
rounding regions and magnitudes range from ML0.3 to 5.4 (Fig. 2). 
The magnitude of completeness (MC) is estimated by the proba-
bilistic approach of Schorlemmer and Woessner (2008) and varies 
between 2.5 to 3.0 within most parts of Bhutan (Fig. S1), with 
changing detection thresholds during the Indian Summer Mon-
soon seasons and network conﬁguration (Fig. 2). In agreement with 
the probabilistic approach, the frequency-magnitude distribution of 
seismicity in Bhutan indicates an MC of 2.5, and the derived b-
value of 0.8 ± 0.1 (Fig. S2A) might be indicative for an increased 
differential stress, expected for a collisional belt (Schorlemmer et 
al., 2005). The entire GANSSER earthquake catalog is provided in 
digital form in the electronic supplement. For 22 earthquakes, we 
derive moment tensor solutions with MW ranging from 3.3 to 
4.7 (blue beach-balls in Fig. 3) by applying full-waveform, time-
domain linear inversion implemented in the SeisComP3-module 
SCMTV. The comparison of ML with MW indicates an average over-
estimation of ML by 0.8 ± 0.2 units (Fig. S2b). Three additional 
focal mechanisms were derived from the analysis of ﬁrst-motion 
P-wave polarities (black beach-balls in Fig. 3). The catalog of de-
rived moment tensors and focal mechanisms is provided in the 
electronic supplement.
2.2. Results
The derived earthquake catalog reveals regions of enhanced 
seismicity in SW Bhutan (C1 in Fig. 3), NW Bhutan (C2 in Fig. 3), 
and eastern Bhutan (C3 in Fig. 3). The apparent low seismicity in 
central Bhutan might be an artifact due to the laterally variable MC
(Fig. S1A). Both clusters in western Bhutan (C1, C2) resemble pat-
terns resolved by Velasco et al. (2007), indicating that these clus-
T. Diehl et al. / Earth and Planetary Science Letters 471 (2017) 54–64 57Fig. 2. Seismicity recorded by the GANSSER seismic network and regional stations between January 2013 and November 2014. All displayed earthquakes were automatically 
detected and manually reviewed. Red circles indicate events in and close to Bhutan (epicenters within red dashed box in Fig. S1); gray circles indicate events in the 
surrounding region (epicenters outside red dashed box but inside gray dashed box in Fig. S1). Detection threshold is increased during Indian Summer Monsoon season. 
Magnitude of completeness (MC) in Bhutan is estimated to be 2.5 to 3.0 (Fig. S1, Fig. S2). (For interpretation of the references to color in this ﬁgure legend, the reader is 
referred to the web version of this article.)
Fig. 3. Seismicity and focal mechanisms derived from the GANSSER seismic network complemented with regional stations. Blue circles indicate high-quality hypocenter 
solutions (azimuthal GAP ≤200◦; number of phase picks ≥10). Bluish beach-ball symbols indicate regional moment tensors (RMT) derived in this study. RMT quality class 
A correspond to solutions with GAP ≤180◦ and/or well-constrained moment-tensor depth close to the travel-time solution. Depths of RMT of quality class B are mostly 
poorly constrained and RMT are considered less reliable. Red beach-ball symbols are global centroid moment tensors (http://www.globalcmt.org), with red dots pointing to 
the corresponding NEIC/USGS travel-time solution (PDE). Faults labeled as in Fig. 1. (For interpretation of the references to color in this ﬁgure legend, the reader is referred 
to the web version of this article.)
58 T. Diehl et al. / Earth and Planetary Science Letters 471 (2017) 54–64Fig. 4. Three-dimensional V P local earthquake tomography model represented as 
horizontal cross-sections at three depth levels. The V P velocity structure is shown 
as percentage change relative to the 1-D initial reference model. Depths of cross-
sections, depth intervals, and reference velocities as indicated. Bold black contours 
outline regions with resolution diagonal elements (RDE) ≥0.075 and, based on res-
olution tests, include mostly well to fairly-well resolved parts of the tomographic 
model (see Fig. S3). Areas outside are considered fairly to poorly resolved (see 
Fig. S3). Bold black dots indicate earthquakes in corresponding depth interval used 
for tomographic inversion. Gray dots represent entire GANSSER catalog for corre-
sponding depth interval. A1–A6 mark anomalies discussed in the text. Gray lines 
indicate position of vertical proﬁles shown in Fig. 5. Faults labeled as in Fig. 1.
ters are persistently active. In western Bhutan, earthquakes occur 
almost exclusively below the MHT (Fig. 4A, 4B, 5A) and moment 
tensors in Fig. 3 indicate therefore strike-slip faulting occurs in the 
Indian basement up to 76 km depth (E1 in Fig. 3, 5A), as proposed 
by others (e.g., Drukpa et al., 2006; Paul et al., 2015).
Cluster C1 is part of a 20 km wide, NW–SE striking band of 
seismicity extending from Chungthang in NE Sikkim to Dhubri at the northwestern edge of the Shillong Plateau in the foreland. Mo-
ment tensor solutions within cluster C1 indicate a dextral fault 
zone (Fig. 3) and deep earthquakes in northern Sikkim, like the 
MW6.9 event of 2011 (focal depth of about 50 km; e.g., Paul et al., 
2015), likely belong to the same structure. The position and strike 
of cluster C1 suggests that it coincides with the seismicity clusters 
identiﬁed by De and Kayal (2003) and Velasco et al. (2007), who 
associate this structure to the geomorphological Goalpara linea-
ment. Since strike and position of cluster C1 signiﬁcantly deviates 
from the Goalpara lineament (e.g., De and Kayal, 2003), we name 
this structure the Dhubri–Chungthang Fault Zone (DCF). The DCF 
is located outside the GANSSER network, which partly leads to in-
creased location uncertainties, particularly in focal depths (Fig. 5C). 
For a small subset of events, additional phase data from stations in 
Sikkim provided reliable focal depths estimates for the DCF (Fig. 3; 
Fig. 5C). Most of the earthquakes in the DCF occur in the Indian 
basement between 20 and 40 km depth (Fig. 5C) with a tendency 
to deeper focal depths towards northern Sikkim, as also suggested 
by others (e.g., De and Kayal, 2003).
Micro-earthquakes of cluster C2 in western Bhutan (Fig. 3; 
Fig. 5A) are located in front of the High Himalaya, mainly in the 
hanging wall block of the mid-crustal ramp of the MHT, as de-
ﬁned by Hauck et al. (1998), Coutand et al. (2014), and Singer 
et al. (2017a). Double-difference relocations of cluster C3 in east-
ern Bhutan image a sub-horizontal seismogenic structure at about 
12 km depth (Fig. 5B), consistent with the hypocenter of the 
2009 MW6.1 earthquake and therefore likely associated with the 
MHT. A deepening of seismicity occurs 95 km north of the MFT 
(Fig. 5B), suggesting the location of the mid-crustal ramp in east-
ern Bhutan.
3. 3-D crustal P-wave velocity structure
3.1. Data and methods
We used high-quality travel-time data from the derived local 
earthquake catalog to image the 3-D crustal P-wave velocity struc-
ture of Bhutan on a 30 ×30 ×20 km grid. For the 3-D tomographic 
inversion, 133 events with an azimuthal gap ≤180◦ and ≥8 P-
phase observations were selected. The travel time data consists of 
1809 phases with an average picking error of 0.06 s (Table S1). 
With the chosen parameterization, an average over determina-
tion factor of 1.3 is achieved. We use the SIMULPS14 software 
(e.g., Eberhart-Phillips, 1990), which solves the non-linear, coupled 
hypocenter-velocity problem by a linearized, iterative, damped, 
least-square approach. Damping of 100 was chosen by the typical 
assessment of trade-off curves calculated for a range of values. The 
initial reference model is the 1-D model of Singer et al. (2017a). 
The solution converges after 3 iterations and the ﬁnal weighted 
root mean square of all travel-time residuals is 0.09 s. The res-
olution of the tomographic model is assessed through a series of 
synthetic tests described in Fig. S3. Recovery of synthetic structures 
is mostly well to fairly-well in regions with resolution diagonal el-
ements (RDE) ≥ 0.075 (Fig. S3) and deﬁnes the cut-off value for 
resolved parts of the model in Figs. 4 and 5.
3.2. Results
Within the uppermost layer of the 3-D P-wave model, veloc-
ities in southeast Bhutan are signiﬁcantly lower than in central 
and western Bhutan (A1 in Fig. 4A). This low-velocity anomaly 
can be partly associated with sediments in the foreland south-
east of Bhutan. We interpret the reduced velocity north of A1 with 
the exposure of rocks of the Lesser Himalayan Sequence (LHS) be-
neath the Greater Himalaya Sequence (GHS) within the Kuru Chu 
reentrant of the MCT (Fig. 4A). At mid-crustal levels, a NW–SE 
T. Diehl et al. / Earth and Planetary Science Letters 471 (2017) 54–64 59Fig. 5. Cross-sections of relocated seismicity and V P structure along three proﬁles shown in Fig. 3 and Fig. 4. Gray-shaded areas in Fig. 3 indicate extent of seismicity that is 
projected onto proﬁles. In proﬁle A, we show only high-quality single-event solutions (blue circles: azimuthal GAP ≤200◦ , number of observations ≥10, distance to closest 
station ≤30 km or ≤1.5 times focal depth). Bars indicate formal single-event depth uncertainties. For proﬁle B, we show seismicity relocated with relative double-difference 
techniques. Bars indicate relative depth uncertainties. Proﬁle C includes all single-event locations with colors indicating location quality. Velocity structure is shown by 
absolute values in A–B (areas with resolution diagonal element (RDE) <0.075 are masked; contour lines indicate absolute V P in km/s) and relative changes to 1-D reference 
model in C (areas with RDE <0.075 are not displayed; contour lines indicate absolute V P in km/s). Areas with RDE ≥0.075 are mostly considered well to fairly-well resolved 
based on resolution tests (Fig. S3). Crosses indicate location of inversion nodes. Topography along proﬁles is represented by mean value (bold black line) within ±30 km 
from the proﬁle and standard deviation (gray shaded area). Red solid lines indicate converters imaged by receiver functions (Singer et al., 2017a). Blue vertical lines in A–B 
indicate approximate position of earthquake clusters related to potential mid-crustal ramps. The moment tensor of the MW6.1 earthquake of September 2009 is shown as 
projection to proﬁle B. Faults labeled as in Fig. 1. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)striking low-velocity zone in western Bhutan correlates with the 
dextral DCF in the Indian basement (A2, A3 in Fig. 4B). Veloc-
ity anomalies A4 and A5 (Fig. 4B, 4C) at mid to lower crustal 
levels suggest a lateral change in crustal thickness, with thicker 
crust in western Bhutan compared to the east. Another low veloc-
ity anomaly in the lower crust is imaged just south of the MFT (A6 
in Fig. 4C), indicating structural variations or inherited structures within the incoming Indian crust. Synthetic tests suggest that res-
olution in this part is suﬃcient to image such anomaly (Fig. S3). 
Anomaly A6 spatially correlates with inselbergs of basement out-
cropping in the Brahmaputra Valley and can be interpreted as the 
root of a locally thickened crust, consistent with the absence of a 
deep foreland basin south of Bhutan (e.g., Clark and Bilham, 2008;
Vernant et al., 2014).
60 T. Diehl et al. / Earth and Planetary Science Letters 471 (2017) 54–64Fig. 6. Map showing major active faults zones in Bhutan and surrounding areas, imaged by our and other studies. Blue dots indicate earthquakes from the GANSSER catalog 
with magnitudes ≥MC and locations deeper than 20 km. The majority of these events are within the Indian basement. Events close to the 3500 m topography contour in 
central Bhutan are potentially related to a mid-crustal ramp (see Fig. 5) indicated by the brown line. Red dots indicate shallow earthquakes and corresponding events located 
north of the Main Frontal Thrust (MFT) and south of the 3500 m topography contour are likely associated with low-angle thrusting on the Main Himalaya Thrust (MHT). 
Same color-coding is used to indicate depth of major gCMT solutions. The dextral Dhubri–Chungtang Fault Zone (DCF) seems to separate the ruptures of past megathrust 
earthquakes of 1714 and 1934 (Hetényi et al., 2016a), and might therefore cause segmentation of both the Indian basement and the MHT between east Nepal and west 
Bhutan. The area between the DCF and the currently active segment of the MHT is able to host M7–M8 earthquakes in central Bhutan (red rectangles: approximate rupture 
size from Wells and Coppersmith, 1994). Green arrows show GPS velocities derived from permanent sites with respect to stable India, with ellipses indicating 1σ conﬁdence 
regions (Marechal et al., 2016). Green triangle indicates position of India-Shillong rotation pole proposed by Vernant et al. (2014). (For interpretation of the references to 
color in this ﬁgure legend, the reader is referred to the web version of this article.)4. Discussion
The two most relevant tectonic structures derived in this study 
are: 1) The dextral DCF located in the Indian basement and its 
connection to foreland deformation. 2) Evidences for along-strike 
changes of crustal thickness, spatially correlating with variations 
in the seismic behavior of the MHT and the underlying basement. 
Both structures are discussed in the following sections, considering 
additional constraints from receiver functions, tomography, geol-
ogy, and geodesy.
4.1. The Dhubri–Chungthang fault zone (DCF)
Although partly identiﬁed by others before (De and Kayal, 2003;
Velasco et al., 2007), seismicity and moment tensors derived in 
this study solidify and extend previous indications for a NW–SE 
striking fault zone connecting the Sikkim Himalaya with the Shil-
long Plateau in the foreland. Additional evidences for a ﬁnite fault 
zone are provided by reduced P-wave velocities correlating with 
the DCF in the tomographic image (Fig. 4B), which could be related 
to a fault damage zone. Although recovery tests suggest that such 
anomaly can be resolved by our data (Fig. S3), ray-coverage and 
cross-ﬁring is limited at the edge of the model and therefore arti-
facts due to smearing and over-shooting effects cannot be entirely excluded. The possible continuation of this anomaly towards SW is 
also unclear and therefore the interpretation based on the current 
data is not entirely conclusive. Similarly, increasing hypocenter un-
certainties and the lack of focal mechanisms hamper conclusions 
on the precise SW termination of the DCF and potential links to 
bounding faults of the Shillong Plateau.
The depth distribution of seismicity within the DCF suggests 
that it is limited to mid and lower crustal levels (Fig. 5C, 6). The 
majority of earthquakes along the DCF beneath the Himalaya ap-
pear to be located below the MHT as well (Fig. 5C), which raises 
the question whether or not the DCF cuts across the overlying 
MHT, as proposed by De and Kayal (2003). A possible intersection 
of DCF and MHT (Fig. 7) might cause segmentation of megathrust 
earthquakes between eastern Nepal and western Bhutan, as sug-
gested by the separation of the 1714 and 1934 rupture models 
(Figs. 6 and 7). Uncertainties of both models are consistent with 
spatially distinct rupture areas, which reach, at best, close to each 
other but do not overlap (e.g., Hetényi et al., 2016a). As proposed 
by Velasco et al. (2007), the alignment of the DCF with the NW–SE 
striking Amo-Chu valley over a length of about 30–50 km might be 
a geomorphological surface expression of the DCF, indicating such 
intersection in SW Bhutan. The absence of surface expressions of 
the DCF in the foreland might be explained by low deformation 
rates in combination with high sedimentation of the Brahmapu-
T. Diehl et al. / Earth and Planetary Science Letters 471 (2017) 54–64 61Fig. 7. Seismotectonic model of the Eastern Himalayas of Bhutan and its link to foreland deformation. The dextral Dhubri–Chungtang fault zone (DCF) represents the western 
border of the Shillong block and might cause segmentation of the Indian basement and the Main Himalaya Thrust (MHT). The DCF connects the deformation front of the 
Himalaya with the Dauki Fault in the foreland and can be interpreted as a transverse-transfer zone, potentially hosting the 1930 MW7.1 Dhubri, as well as the 1980 and 2011 
deep Sikkim earthquakes. Although seismicity appears more diffuse and its continuation beneath the orogenic wedge is less evident, the Kopili fault zone might represent 
the corresponding eastern boundary of this block as proposed by Vernant et al. (2014). The MHT in eastern Bhutan is seismically active and microearthquakes indicate stress 
buildup above a partly deforming Indian basement in the west. The hatched rectangular indicates the approximate area of a hypothetical MW7 strike-slip event.tra, deleting any geomorphological signatures. Vernant et al. (2014)
and Marechal et al. (2016) report eastward directed GPS velocities 
at sites across SW Bhutan, which deviate from the regional SSE 
trend (Fig. 6) and might be the surface expression of dextral slip 
along the DCF measured at the surface.
Based on GPS data, the tectonic model of Vernant et al. (2014)
predicts clockwise rotation of the SLB, which underthrusts the 
Bhutan Himalaya. The model of Vernant et al. (2014) predicts 
0.8 mm/yr dextral slip along the NW–SE oriented western bound-
ary of the SLB. The location of this boundary is based on the 
interpolation of surface expressions of dextral faults mapped in SE 
Nepal and west of the Shillong plateau (e.g., Nakata, 1989). We 
propose that the SLB’s western boundary is instead the DCF, since 
it is imaged as a continuous and seismically active fault zone that 
segments the Indian basement. This location of the western bound-
ary puts the Shillong-India rotation pole west of the SLB (Fig. 6), 
which is required to produce dextral motion on the DCF, consistent 
with the observed focal mechanisms as well as with the clockwise 
rotation of the SLB (Vernant et al., 2014).
Vernant et al. (2014) propose the Kopili fault (Fig. 6) as the 
eastern boundary of the SLB, accommodating 2–3 mm/yr dextral 
slip in their model. Compared to the DCF, seismicity appears to be 
diffuse in the area of the Kopili fault (Figs. 3, 6) suggesting that 
deformation is rather distributed over a wider zone. We cannot 
exclude, however, that the diffuse character of seismicity results 
from larger location uncertainties and a dense local network might 
resolve a narrower fault zone. On the other hand, our results are 
consistent with catalogs derived from local networks in northern 
India, imaging a similarly broad seismogenic zone (e.g., Kayal et 
al., 2012). Global Centroid Moment Tensors (gCMT) west of the 
putative Kopili fault (Fig. 6) indicate dextral slip consistent with 
the model of Vernant et al. (2014) and regional moment tensors 
(e.g., Kayal et al., 2012; Kumar et al., 2015). With our data, how-
ever, we ﬁnd no evidence for the continuation of the Kopili fault 
beneath the MCT in eastern Bhutan as proposed by Kayal et al.
(2012). Similar to the DCF, however, the majority of seismicity as-
sociated with the Kopili fault zone appears to be located at mid to 
lower crustal depths, i.e. in the Indian basement (Fig. 6).
The dextral sense of the DCF implies the transfer of strain from 
the Himalaya to the Shillong Plateau (Figs. 6, 7) and might in-dicate an ongoing shift of the deformation front from the MFT 
towards the Dauki Fault in the foreland (e.g., Clark and Bilham, 
2008). The strike of the DCF, however, is largely oblique to both 
currently active fronts (Fig. 6) and therefore differs from the com-
mon deﬁnition of transfer or tear faults, which have been proposed 
in other parts of the Himalayan arc (e.g., Seeber et al., 1981). The 
oblique orientation of the DCF might be an expression of the com-
plex stress pattern induced by geodynamic loading of lithospheric 
slabs beneath the Tibetan Plateau and Burma (e.g., Li et al., 2008) 
or related to reactivation of a potential inherited structure in the 
Indian crust. In contrast to NS-striking structures like the Dhubri 
fault (Fig. 1), the DCF is suitably oriented for dextral strike-slip 
with respect to local P-axes of focal mechanisms and the direction 
of convergence (Figs. 3, 6). Focal depths in Fig. 5C suggest that the 
DCF penetrates the entire Indian crust down to the Moho. Whether 
or not the DCF and Kopili Faults penetrate into the mantle and 
therefore represent lithospheric-scale plate boundaries cannot be 
answered conclusively.
The DCF and Kopili fault zones have the potential to host M7
earthquakes beneath the Eastern Himalaya and the densely pop-
ulated foreland basin (Fig. 7) and therefore pose a considerable 
hazard. Assuming an average co-seismic slip of 1–4 m for an M7
earthquake, rates of 1–3 mm/yr dextral slip predicted for the west-
ern and eastern boundaries of the SLB (e.g., Vernant et al., 2014;
Barman et al., 2014) would imply recurrence intervals in the order 
of 300 to 4000 yr for such a strike-slip event. Towards the NW, 
deep MW6.2 and MW6.9 strike-slip earthquakes in 1980 and 2011 
are likely associated with the DCF in northern Sikkim (Figs. 6, 7). 
Towards its SE termination, the spatial proximity to the MW7.1
Dhubri earthquake of 1930 (Gee, 1934; Figs. 1B, 6), previously as-
sociated with a putative NS-striking Dhubri fault (e.g., Kayal et al., 
2012), favors the DCF as an alternative source fault. The macro-
seismic intensity ﬁeld mapped by Gee (1934) for this event is 
biased by site effects and building types and does not allow unique 
conclusions on the focal mechanisms or fault orientation of the 
MW7.1 main shock. Due to this lack of information and uncertain-
ties in the location of the mainshock, other faults, such as Dhubri 
or Oldham, and alternative focal mechanisms, cannot be entirely 
excluded for the MW7.1 Dhubri earthquake. Although slip rates are 
small and parts of the accumulated stresses might have been re-
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the probability of an M7 earthquake rupturing other segments of 
the DCF is not negligible also because previous events combined 
would not have ruptured the entire surface of the DCF.
4.2. Crustal structure and MHT in Bhutan
The imaged seismicity and crustal structure reveals distinct 
along-strike differences in Bhutan conﬁrming the non-cylindrical 
character of the Eastern Himalaya. Lateral variations of seismic 
velocities imaged in the uppermost crust (Fig. 4A), suggest an in-
homogeneous structure of the orogenic wedge in Bhutan, consis-
tent with surface geology and other tomographic studies (Singer 
et al., 2017b). Western Bhutan is characterized by a thickened 
crust when compared to eastern Bhutan (Figs. 4, 5), consistent 
with receiver function images of the Moho (Singer et al., 2017a), 
which show a pronounced kink in the Moho topography south 
of the High Himalaya (Fig. 5A). Similarities in the shape of the 
6.5 km/s P-wave velocity contour in tomographic proﬁles of east-
ern Bhutan (Fig. 5B) and eastern Nepal (Monsalve et al., 2008)
suggest that the thickened crust is limited to western Bhutan and 
bounded by the DCF in the west, consistent with reduced regional 
Pn velocities imaged in the same area (Liang and Song, 2006). 
We interpret Moho topography and crustal thickening as a result 
of a change in geodynamic loading northwest of Bhutan, likely 
caused by a mantle slab attached to the underthrusting Indian 
lithosphere beneath the southern Tibetan Plateau (Li et al., 2008;
Singer et al., 2017a). Strike-slip dominated seismicity in the Indian 
basement in western Bhutan (Figs. 4B, 5A) might be the expression 
of lateral variations of tectonic stresses induced by the proposed 
loading. The localized strike-slip faulting along the DCF might be 
another expression of stresses induced by the mantle slabs as dis-
cussed before.
Localized and scattered strike-slip faulting below the MHT im-
plies internal deformation of the Indian basement (Fig. 7) and 
NS contraction rates measured by GPS at the surface in western 
Bhutan might therefore not be exclusively accommodated by the 
MHT and the Himalayan wedge. Strain therefore appears to be 
vertically partitioned between the MHT and internal deformation 
of the basement, which potentially reduces slip rates on the MHT. 
Whether such partitioning has a signiﬁcant impact on the average 
recurrence time of large earthquakes or explains the apparently 
lower seismic activity in western and central Bhutan critically de-
pends on the fraction of internal deformation in comparison to the 
total contraction rate. For example, a fraction of 10% of internal 
deformation would increase the recurrence time of a rupture on 
the MHT by a factor of 1.11. The present-day fraction of internal 
deformation, however, remains unclear, also because its reliable 
quantiﬁcation requires signiﬁcantly longer observation periods.
The geometry of the MHT in western Bhutan is imaged by re-
ceiver functions (Singer et al., 2017a) and micro-seismicity appears 
to be located in its hanging wall block, close to the predicted 
mid-crustal ramp about 105 km north of the MFT (Fig. 5A). This 
pattern is strikingly similar to seismicity associated with the hang-
ing wall block in east Nepal (Monsalve et al., 2006). The seismicity 
at the front of the High Himalaya in western Bhutan correlates 
with the 3500 m topography contour (Fig. 5A) and with the mod-
eled locked-to-creep transition of Vernant et al. (2014) and might 
therefore indicate stress buildup along a fully locked MHT, equiv-
alent to the models for the Himalayan Seismic Belt of Nepal (e.g., 
Cattin and Avouac, 2000; Bollinger et al., 2004). Our observations 
agree well with the MHT geometry predicted by the geological 
model of Coutand et al. (2014) and are incompatible with the 
wide décollement proposed by Le Roux-Mallouf et al. (2015) and 
Marechal et al. (2016) (Fig. 5A). The discrepancy in geometry be-tween geological models and geophysical images might reﬂect dif-
ferences in the considered timescales (e.g., Marechal et al., 2016).
Receiver-function converters together with the imaged shallow, 
sub-horizontal cluster of seismicity suggests a ﬂat, seismogenic 
MHT in eastern Bhutan (Fig. 5B). The position of this cluster cor-
relates with the hypocenter of the MW6.1 earthquake of Septem-
ber 2009 (Fig. 3), and the dip of the corresponding gCMT low-
angle thrust solution agrees well with the dip resolved by micro-
earthquakes, receiver functions, and the geological MHT model of 
Coutand et al. (2014) (Fig. 5B). Based on an alternative moment 
tensor solution with an additional strike-slip component not ap-
parent in the gCMT mechanisms, Kayal et al. (2012) associate the 
2009 MW6.1 event with the dextral Kopili fault, potentially ex-
tending it towards the MCT in eastern Bhutan. Our relocations 
show no evidence for a seismogenic, sub-vertical Kopili fault ex-
tending to this area (Figs. 3, 5B) and argue that the geometry of 
the observed seismicity favors a sub-horizontal thrust ruptured in 
2009. A relation between the observed seismicity in Fig. 5B and 
the 2009 rupture is also backed up by the absence of seismicity 
in the area prior to the 2009 MW6.1 event in global (Fig. 1) and 
local (Velasco et al., 2007) earthquake catalogs. It is arguable, how-
ever, if the observed seismicity 4–5 yr after an MW6.1 event can 
still be considered as aftershock activity. Duration of aftershock 
activity varies largely (e.g., Stein and Liu, 2009) and therefore an 
increased background level cannot be excluded, also because the 
seismic network is rather sensitive in this region (Fig. S1). Alter-
natively, the observed seismicity in Fig. 5B might be interpreted 
as swarm-activity following the MW6.1 event, which is potentially 
driven by a partially creeping MHT. Marechal et al. (2016) propose 
such partially creeping segments along the MHT based on slip-rate 
models derived from GPS data in eastern Bhutan. However, the ﬂat 
segment between 25 and 105 km north of the MFT appears to 
be almost fully locked in their model, making it less likely that 
the sub-horizontal seismicity is related to signiﬁcant creep on the 
MHT.
The abrupt deepening of seismicity 95 km north of the MFT 
(Fig. 5B) indicates a steep mid-crustal ramp in eastern Bhutan, 
potentially creeping as proposed by Marechal et al. (2016). GPS ve-
locities in the region 100 km north of the MFT are, however, poorly 
sampled along their eastern proﬁle. Potential modeling uncertain-
ties as well as signiﬁcant differences in the MHT geometries (i.e. 
length of ﬂat portion) therefore hamper a detailed comparison of 
modeled slip-rates with seismicity on the mid-crustal ramp. Also 
the geological model of Coutand et al. (2014) suggests the exis-
tence of a ramp, its geometry, however, is not well constrained by 
their data, which might explain the differences between seismic-
ity and their model (Fig. 5B). Likewise, the geometry of such ramp 
is not well resolved by receiver functions, however, indications for 
a sub-horizontal Moho in NE Bhutan argue against a steep ramp 
(Singer et al., 2017a). Otherwise, this cluster might be related to a 
fault rooting in the footwall block of the MHT, but the similarity 
in position to the corresponding ramp in western Bhutan suggests 
the existence of a similar geometry in the east. The absence of 
seismicity in the hanging wall block, as observed in the west, un-
derpins potential differences in current stress buildup on the MHT 
between eastern and western Bhutan.
Whether or not the imaged seismogenic segment is related to 
a partially creeping MHT and whether or not the Kopili fault seg-
ments the MHT in eastern Bhutan, the MHT bounded by the DCF in 
the west and the seismogenic segment in the east can host M7–8 
earthquakes as shown by approximate rupture areas in Fig. 6, de-
rived from empirical relationships. A scenario, in which the slip of 
5 m, potentially cumulated since the 1714 event, is released by a 
rupture of a locked portion of the MHT (down-dip width of about 
100 km, Fig. 5), segmented by the DCF and the Kopili fault (along-
strike length of about 240 km, Fig. 6), would actually result in an 
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Himalaya have been provided by other recent studies (e.g., Berthet 
et al., 2014; Le Roux-Mallouf et al., 2016; Hetényi et al., 2016a) and 
similar structural segmentation is suggested from gravity anoma-
lies (Hetényi et al., 2016b).
5. Conclusion
In this study, we derived the ﬁrst high-resolution earthquake 
catalog and 3-D crustal VP model for Bhutan from the GANSSER 
passive seismic experiment. In combination with receiver function 
images, our results signiﬁcantly solidify and extend the previously 
sparse knowledge on the crustal structure and active faults in 
Bhutan and therefore provide important new constraints for un-
derstanding the tectonic processes in the Eastern Himalayas and 
its foreland. The imaged along-strike changes in crustal structure 
and seismicity show that the region between Sikkim and western 
Bhutan represents a major boundary in the Himalayas, consistent 
with geological (e.g. absence of a foredeep, Dasgupta et al., 2000) 
and other geophysical observation (e.g., Hetényi et al., 2016b) and 
conﬁrm the non-cylindrical character of the Eastern Himalaya.
The obliquely striking, dextral Dhubri–Chungthang Fault Zone 
(DCF) segments the Indian basement and potentially causes seg-
mentation of the MHT between eastern Nepal and western Bhutan. 
It appears to connect the deformation fronts of the Himalaya with 
the Shillong Plateau in the foreland and we propose the DCF as the 
western boundary of the previously deﬁned Shillong block, which 
underthrusts the Bhutan Himalaya. A low velocity anomaly in the 
lower crust in the foreland just south of the MFT spatially corre-
lates with outcropping basement in the Brahmaputra Valley and 
can be interpreted as the root of a locally thickened crust, consis-
tent with the absence of a deep foreland basin south of Bhutan.
A thickened crust and strike-slip seismicity within the Indian 
basement in western Bhutan might be expressions of laterally 
changing stresses in the Eastern Himalayas. Clusters of micro-
earthquakes in front of the High Himalayas indicate the presence 
of a mid-crustal ramp about 100 km north of the MFT. Considering 
recent slip-models derived from GPS data, seismicity in western 
and central Bhutan suggests stress buildup on a fully coupled MHT 
above a partly deforming basement. Contraction rates measured by 
GPS at the surface in western Bhutan might therefore not be ex-
clusively accommodated by the MHT décollement. Strain appears 
to be partitioned between the MHT and internal deformation of 
the basement. Whether such partitioning has a signiﬁcant impact 
on the average recurrence time of large earthquakes or explains 
the apparently lower instrumental seismic activity in western and 
central Bhutan remains unclear, also because its reliable quantiﬁ-
cation requires signiﬁcantly longer observation periods.
In eastern Bhutan, seismicity images a ﬂat, seismogenic seg-
ment of the MHT, either related to an MW6.1 earthquake in 2009 
or indicating a partially creeping fault segment. The area bounded 
by the DCF in the west and the seismogenic MHT in the east has 
the potential for M7–8 earthquakes in Bhutan. Similarly, the DCF 
has the potential to host M7 earthquakes beneath the Himalaya 
and the densely populated foreland basin as documented by the 
2011 Sikkim and the 1930 Dhubri earthquakes, which were poten-
tially associated with this structure.
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